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ABSTRACT 
j5946 

GaAs polycrys ta l l ine  fi lms have been grown on molybdenum sheet.  A t t e m p t s  
t o  produce p-n junctions i n  these  fi lms have f a i l e d  because of rapid impurity 
d i f fus ion  at defects .  Barriers formed on these  films a t  room temperature by 
the  vacuum evaporation of Cu2Se have given 3.9% sunl ight  eff ic iency.  
films formed by f l a s h  evaporation and sput te r ing  have shown high r e s i s t i v i t y  
and anomalously high opt ica l  absorption. 
0.1% ef f ic iency  with CuZSe ba r r i e r s  and promise a 50 wat t / lb  power-to-weight 
r a t i o .  
d i r e c t i o n  sensing. 

GaAs 

GaAs f i l m s  on A 1  f o i l  have given 

A new photovoltaic e f f e c t  has been discovered which may be used for 
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less than the band-gap; an ill-defined change of adsorption at the band edge; 

and high resistivities. 

All attempts to make p-n junctions in the polycrystalline gallium arsenide 

layers have failed, the current-voltage characteristics showing excessive 

leakage. 

the gallium arsenide films. 

arsenide would permit the formation of a p-n junction before diffusion could 

cause short-circuiting. Flash-evaporated films of gallium arsenide have shown 

anomalous optical properties and high resistivity, being in this respect 

similar to sputtered films of gallium arsenide. 

This we attribute to rapid impurity diffusion along some defects in 

It was hoped that fast flash evaporation of gallium 

A study of barrier formation by low-temperature processes was started. 
The techniques of forming the conducting films of cuprous sulphide and cuprous 
selenide have been worked out. With cuprous sulphide the optimum compromise 
between sheet resistance and optical transparency should yield a cell with a 
sunlight efficiency of between 2% and 3%. 

gives somewhat better results, and by improving the gridding and perhaps using 
an antireflection coat, it is believed that an efficiency greater than 5% can 
be achieved in areas of the order of 1 cm . 

By using cuprous selenide, which 

2 

The films on aluminum at present show a high resistance when measured 
through the films to the substrate. 

have been achieved in very early studies and power-to-weight ratios greater 

than 50 watts per lb seem possible in the near future. 

Efficiencies of the order of 0.1 percent 

The current-voltage characteristics for cuprous sulphide layers on both 

single-crystal and polycrystalline films of gallium arsenide have been 

studied in detail. They have the same form as similar metal-to-semiconductor 

barriers. A forward current at small bias is higher for the polycrystalline 

case which is why the open-circuit voltage drops off faster at reduced illu- 

mination than in the single-crystal cells. 

During the course of this work a new photovoltaic effect was found in 

In this effect, the photovoltage increases as the some semiconductor films. 
angle of illumination departs from the normal to the film. Voltages higher 

than the band-gap have been observed. 
cations in direction sensors, it does not provide a method for efficient power 
conversion because of the high resistance of the films. 

While the effect has potential appli- 
a 
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SUMMARY 

The purpose of the  program is  t o  inves t iga t e  mater ia l s  and methods f o r  

the fabr ica t ion  of large-area s o l a r  c e l l s .  The goals  of t h i s  program are t o  

have e f f i c i enc ie s  higher than 5 percent, f i lms t h a t  can be made up t o  one 

square foot i n  area,  f l e x i b l e  c e l l s ,  and r e l a t i v e l y  inexpensive production 

cos ts .  

G a l l i u m  arsenide was chosen fo r  g r e a t e s t  e f f o r t  as the  a c t i v e  semicon- 

ductor since, t heo re t i ca l ly ,  i t s  band-gap might be expected t o  provide an 

optimum compromise between shor t - c i r cu i t  current  and open-circui t  vol tage 

under so la r  i l luminat ion.  I t s  high op t i ca l  absorpt ion offered t h e  f u r t h e r  

po ten t i a l  advantage t h a t  only a t h i n  f i l m  would be needed t o  obta in  complete 

absorption of the incident  sunl ight .  

Polycrystal l ine n-type gall ium arsenide fi lms, t yp ica l ly  4 m i l s  th ick,  

have been grown on 1 - m i l  molybdenum sheet.  These f i lms a r e  f requent ly  cracked 

and are var iable  i n  t h e i r  e l e c t r i c a l  p roper t ies .  

been made to permit the  preliminary evaluat ion of  b a r r i e r  c e l l s  (see below). 

More recently,  po lycrys ta l l ine  n-type gal l ium arsenide fi lms from 5 t o  10 

microns thick have been made on 1 - m i l  aluminum f o i l .  These fi lms show a 

photovoltaic response and are, of course, much l i g h t e r  than the  above-mentioned 

f i lms on molybdenum. 

Enough acceptable ones have 

It was hoped t h a t  sput te r ing  would permit t h e  deposi t ion of gall ium 

arsenide f i l m s  a t  lower subs t r a t e  temperatures giving a wider choice of sub- 

s t r a t e s  and reducing thermal s t r a i n s  and cracking. All sput tered fi lms have 

shown: an anomalously high o p t i c a l  absorption, p a r t i c u l a r l y  a t  energies 
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The barrier-forming techniques mentioned above were applied to cadmium 

telluride, cadmium sulphide, indium phosphide, s i l icon,  and germanium in  some 

exploratory experiments. 

materials would be better than gallium arsenide in  a solar c e l l .  

The results d i d  not suggest that any of  these 

3 



1. INTRODUCTION 

This report  covers the work of the  last two years including Contract 

NAS 7-202 (1 October 1962 t o  30 September 1963) and Contract NAS 3-2796 

(1 October 1963 t o  30 September 1964). 

the  l a s t  s i x  months s ince much of t he  e a r l i e r  work w a s  exploratory of approaches 

t o  the  problemwhich have s ince  been abandoned o r  which a r e  included i n  the  

present work. 

It gives major emphasis t o  the  work of 

There a r e  many reasons f o r  attempting the  construct ion of a thin-f i lm,  

large-area s o l a r  c e l l  fo r  use i n  s a t e l l i t e s .  

t inue t o  increase and hence the  t o t a l  power supply a rea  must increase.  This 

eventually implies an unfurlable  o r  i n f l a t a b l e  array,  made preferably with 

f l e x i b l e  c e l l s .  The c e l l s  should be t h i n  t o  minimize t h e i r  weight. They 

should be simpler t o  make and t o  mount than the  present s ing le-crys ta l  s i l i -  

con and gall ium arsenide c e l l s  t o  reduce production and assembly cos ts .  

The requirements fo r  power con- 

Eventually, a thin-fi lm, large-area s o l a r  c e l l  must be judged on a number 

of fac tors .  These w i l l  include: eff ic iency,  power-to-weight r a t i o ,  f l e x i -  

b i l i t y ,  rad ia t ion  res i s tance ,  ruggedness, s t a b i l i t y  (both on e a r t h  and i n  

o r b i t ) ,  and cos t  to  make and assemble. These fac tors ,  and t rade-offs  between 

them, can only be estimated by making ac tua l  s o l a r  c e l l s .  The general purpose 

of t he  present study was t o  inves t iga te  materials and methods f o r  t he  fabr ica-  

t i o n  of large-area s o l a r  c e l l s .  A more spec i f i c  (and probably more r e a l i s t i c )  

goal of the program i s  t o  develop c e l l s  with e f f i c i enc ie s  above 5%, po ten t i a l  

areas of the  order one foot square, f l ex ib l e  and with r e l a t j v e l y  inexpensive 

production cos ts .  

The technical s i t u a t i o n  immediately pr ior  t o  t h e  commencement of t h e  

contract  w i l l  now be described b r i e f ly .  

already shown promise. 

c iencies  i n  t h e  range 4% t o  5% (RCA, Harshaw) and larger-area c e l l s  (approxi- 

mately a few square inches) had shown e f f i c i enc ie s  i n  the  range 1% t o  2% 

(Harshaw and RCA). 

CdTe c e l l s  had shown e f f i c i enc ie s  of about 2% (G.E.). A t  RCA Laboratories,  

a t t e n t i o n  had turned t o  GaAs as  a po ten t i a l ly  s u i t a b l e  semiconductor fo r  

large-area s o l a r  c e l l s .  

gap of GaAs might be near optimum f o r  s ing le-crys ta l  c e l l s .  

The II-VI compounds CdS and CdTe had 
2 Small-area ( ,., 1 cm ) c e l l s  of CdS had shown e f f i -  

These c e l l s  deter iorated on exposure t o  a humid atmosphere. 

Theoretical  considerations' had shown t h a t  the  band- 

While the  theory 
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_ _ _ _ -  

could not be extended t o  polycrys ta l l ine  c e l l s ,  s ince  the  form of the  diode 

equation could not be predicted f o r  them, ye t  a t  least GaAs seemed t o  o f f e r  

t h e  most l a t i t u d e  f o r  a de te r iora t ion  i n  e f f i c i ency  i f  t h a t  had t o  b e  an t ic -  

ipated.  Secondly, t he  high opt ica l  absorption of GaAs indicated t h a t  very 

t h i n  fi lms ( - 10 

permit weight reduction. It i s  only very recent ly  (see Sect ion 11-B) t h a t  w e  

observed encouraging photovoltaic a c t i v i t y  i n  such t h i n  f i lms.  P r i o r  t o  the 

cont rac t ,  experimental work had been done on GaAs f i lm  formation. Molybdenum 

and tungsten sheet  w a s  used as subs t ra tes ,  and i n  the  method f i n a l l y  adopted 

the  compound i s  transported across a small gap down a temperature gradient  : 

-4 cm) would give complete absorption of sunl ight  and hence 

2 

G a  as G a  0 which reduces on the  subs t ra te  and As as the  vapor. 3Y4 
2 

I n  the  e a r l y  par t  of t h e  contract  period a t t e n t i o n  w a s  focused on GaAs 

f i l m  growth. The e f f e c t s  of furnace temperature, source c r y s t a l  doping, pre- 

coat ing of the  subs t r a t e ,  and p a r t i a l  pressure of water vapor i n  the  hydrogen 

flowing through the  furnace were ~ t u d i e d . ~  Methods were developed fo r  making 

both n- and p-type GaAs fi lms. 

An important p r a c t i c a l  point now arises. It i s  very d i f f i c u l t  t o  make 

s i m i f i c a n t  physical  measurements on these  f i l m s .  I n  a s o l a r  c e l l  t he  cur ren t  

runs normal t o  the  fi lm, and the  s t a t e  of t he  top  lom4 cm of the  f i l m  

l i f e t ime ,  mobi l i ty ) ,wi l l  be c ruc ia l  t o  t h e  c e l l  performance. 

H a l l  and r e s i s t i v i t y  measurements the  current  runs along the  f i lm  encountering 

the  g ra in  boundaries i n  a d i f f e ren t  way and being i n  no way spec ia l ly  a f fec ted  

by the  c r i t i c a l  top cm of the f i lm.  There is the  fu r the r  problem t h a t  

t h e  f i l m  must e i t h e r  be separated from i t s  metal subs t r a t e  o r  grown on an 

in su la t ing  subs t ra te .  The la t te r  approach may change the  f i lm  proper t ies .  

(doping, 
I n  the  usual  

The e l e c t r i c a l  measurement most commonly used i s  t o  observe t h e  cur ren t -  

vol tage (I-V) c h a r a c t e r i s t i c  through the  f i l m  using a r e c t i f y i n g  pressure 

contact  such as a gold dot fo r  n-type fi lms. This i s  repeated wi th  a l i g h t  

shining on the  contact perimeter. 

r e s i s t ance  through the  f i lm  i s  high o r  l o w  and i f  t h e  contact  t o  t h e  s u b s t r a t e  

i s  Ohmic. 

Such an observation ind ica tes  whether t h e  

As discussed elsewhere i n  t h i s  r epor t  t h e  o p t i c a l  absorpt ion spec t r a  of 

films have given reveal ing information. 

The GaAs fi lms on molybdenumwere l e s s  uniform from point-to-point on a 

given fi lm, and l e s s  reproducible from f i lm-to-f i lm than w e  could wish. They 

5 



were a l s o  frequently cracked. Nevertheless, enough “well-behaved” f i lms 

could be obtained to permit a t t e m p t s  a t  t he  cons t ruc t ion  of s m a l l  ( - 1 cm ) 

s o l a r  c e l l s .  

comparing the  performance of t h in - f i lm  GaAs ce l l s  wi th  s ing le -c rys t a l  ce l l s  

information could be obtained about t h e  f i lms which could not  be obtained by 

d i r e c t  measurements on them; i t  w a s  considered important t o  see i f  t h in - f i lm  

GaAs would y ie ld  5% ef f ic iency  before tack l ing  t h e  problems of f l e x i b i l i t y ,  

l a rge  area, and low production cos t .  

2 

Emphasis was given t o  t h i s  approach f o r  s eve ra l  reasons: by 

A t  f i r s t ,  attempts were made t o  make a p-n junc t ion  c e l l  both by growing 

a layer  of one conductivity type on a f i l m  o f  t he  o the r  type o r  by d i f fus ion .  

While photovoltaic responses were seen, t he  ce l l s  were a l l  leaky and had 

e f f i c i e n c i e s  much l e s s  than 1%. It w a s  suspected t h a t  i n  t h e  t i m e s  and a t  t h e  

temperatures needed t o  make these s t ruc tures ,  rapid impurity d i f fus ion  a t  

g r a i n  boundaries caused shor t -c i rcu i t ing .  Some evidence t o  support t h i s  

view was found i n  the study of a Zn-diffused, melt-grown, po lyc rys t a l l i ne  c e l l .  

6 

7 

I 

It seemed possible t h a t  these  d i f f i c u l t i e s  could be avoided i f  t h e  p-n 

junc t ion  could be made fast enough a t  a low enough temperature. For t h i s  

reason we began the study of t he  f a s t  f l a s h  evaporation of GaAs--work which 

is  reported i n  Section I I - C .  

There were some reasons t o  be l ieve  t h a t  t h e  c e l l s  made w i th  11-VI com- 

pounds were ba r r i e r  ce l l s  ( i . e . ,  contained a r ec t i fy ing  junc t ion  i n  one s e m i -  

conductor caused by the  jux tapos i t ion  of another chemical phase) and not p-n 

junc t ions .  We therefore  began t o  inves t iga te  materials and methods f o r  forming 

b a r r i e r s  on GaAs (both s i n g l e  c r y s t a l  and f i lms) .  Most of t he  materials were 

e i t h e r  too r e s i s t i v e  (MOO SnS, CU~P,  Cu S)  o r  uns tab le  ( C U I ) ,  o r  decomposed 

before  evaporation ( N i O ,  PbO, NiS).8 

between op t i ca l  transparency and sheet  r e s i s t ance  t o  d a t e .  

mater ia l  i s  reported i n  Section 111. 

I 

3’ 2 
Cu Se has shown t h e  bes t  compromise 2 

The work on t h i s  

Work was a l s o  s t a r t e d  on the  sput te r ing  of GaAs i n  t h e  hope t h a t  more 

uniform f i l m s  could be produced a t  a lower temperature which i n  t u r n  would 

permit a wider choice of subs t r a t e s  and a reduct ion i n  thermal s t r a i n s .  This 

work is  reported in  Section I I - C .  
9 Detailed measurements were made of t he  forward cur ren t  I as a funct ion 

of b i a s  vol tage V for  a number of Cu S b a r r i e r s  on both s ingle-crys ta l  GaAs 
I 2 

and polycrys ta l l ine  G a A s  f i lms. 

6 



Operationally,  i t  was possible t o  f i t  the  curves (over a l imited range) 

with an equation of t he  f o r m  

Both Io and a a r e  bigger f o r  t h e  po lycrys ta l l ine  fi lms than f o r  the  

s i n g l e  c rys t a l s .  

from t h a t  which would be formed by a metal. 

of GaP layers," f o r  two reasons. 

a Gap-GaAs heterojunction. The s t ruc tu re  w a s  made but d i d  not behave i n  

accordance with our expectations." 

temperature than GaAs which again suggests t h a t  g ra in  boundary d i f fus ion  w i l l  

g ive t rouble ,  and the re  w a s  a l s o  evidence 

not a t  the  chemical i n t e r f ace .  

material might give a higher V 

e f f i c i ency  and would have smaller r e s i s t i v e  losses  s ince  it  would operate  a t  

lower current .  A reduction i n  manpower terminated t h i s  pa r t  of the  program. 

E l e c t r i c a l  measurements have not dis t inguished t h i s  b a r r i e r  

A t  the  beginning of t he  contract  period some work was done on t h e  growth 

F i r s t  t he re  was the p o s s i b i l i t y  of making 

GaP fi lms have t o  be  grown at  a higher 

10 t h a t  t he  e l e c t r i c a l  junct ion w a s  

The second reason w a s  t h a t  a higher band-gap 

(open-circuit vol tage)  a t  an acceptable oc 

h r i n g  the  course of t h e  project  i t  w a s  discovered t h a t  some highly 

r e s i s t i v e  GaAs f i lms would develop a photovoltage across the  f i lm  which had 

zero value f o r  normal l i g h t  incidence but which increased t o  values g r e a t e r  

than the  band-gap as t h e  i l lumination w a s  made more oblique.'' 

r e s i s t ance  of these fi lms makes them very i n e f f i c i e n t  as energy conversion 

devices,  but they have po ten t i a l  appl icat ion as d i r ec t ion  sensors.  

The high 
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II. GALLIUM ARSENIDE FILMS 

A. GALLIUM ARSENIDE ON MOLYBDENUM . 
I n  t h i s  period w e  have continued t o  use t h e  same bas i c  method of f i l m  

formation12 but have tended t o  s tandardize the  following parameters: 

(a) Source temperature -, 79OoC 
(b) Substrate temperature rv 7OO0C 

(c)  Transport gas: hydrogen bubbled through water a t  O°C 

Under these conditions t h e  growth ra te  i s  between 3 and 4 microns per hour. 

While t h e  basic  mechanism of  f i l m  growth involves t h e  chemical t r anspor t  

of gal l ium as G a  0 

s h a l l  refer t o  t h i s  method of f i l m  growth as vapor growth. 

2 

and t h e  t ranspor t  of As as t h e  vapor, f o r  s impl ic i ty ,  w e  2 

When bare  molybdenum is  used as a s u b s t r a t e  and a Cu Se b a r r i e r  c e l l  is 

made on the  f i l m ,  t he  c h a r a c t e r i s t i c  (pa r t i cu la r ly  a t  higher i l lumina t ion  

l e v e l s )  looks l i k e  curve (a) of Fig. 1. Since molybdenum, evaporated onto 

n-type gal l ium arsenide forms a r ec t i fy ing  contact,13 i t  w a s  thought t h a t  t h e  

f i l m  was not making Ohmic contact  t o  the  molybdenum subs t ra te .  

behaves l i k e  two diodes back-to-back. This effect  can be overcome (Fig. 1, 

Thus, t he  c e l l  

Fig. 1. I -V  characteristics under 4-mV illumination. (a) Without tin 
pre-coat; (b) With tin pre-coat. 
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curve b)  i n  two ways: 

t i ng  t i n  onto the  molybdenum f o i l  p r io r  t o  f i lm  growth. 

the  disadvantage t h a t  t he  amount of t i n  transported decreases i n  successive 

runs so t ha t  t he  "back-to-back" e f f ec t  eventually reappears, and w e  have 

therefore  standardized on the  l a t t e r  method. 

by evaporating t i n  onto the  source c r y s t a l  o r  by evapora- 

The former method has 

I n  one experiment, only one par t  of the  molybdenum f o i l  w a s  pre-coated 

with t i n .  Figure 1 shows the  d i o d e  cha rac t e r i s t i c s  from t h e  coated and un- 

coated areas .  This shows t h a t  the coated area has a more near ly  Ohmic contact 

between the  Mo and fi lm. The GaAs l ayer  over the  t i n  showed l a t e r a l l y  l a rge r  

c r y s t a l s  than elsewhere, suggesting t h a t  the  t i n  pre-coat a l s o  influences the  

nucleat ion of t h e  layer .  

Tin layers ,  which varied from almost opaque t o  barely discernable when 

I n  t h i s  thickness range s iml t aneous ly  deposited on glass ,  have been used. 

t he  I-V cha rac t e r i s t i c s  of completed s o l a r  c e l l s  have been the  same. 

requires  fu r the r  study, however. 

There i s  no reason t o  suppose t h a t  t h e  t i n  has reduced the  incidence of 

cracking re fer red  t o  previ0us1y. l~ As w i l l  be seen later (Section III-B and 

Fig. 9) ,  the  GaAs f i lm  propert ies  w i l l  show undesirable var ia t ions ,  but enough 

"well-behaved" fi lms can be produced so t h a t  t he  study of b a r r i e r  c e l l s  has 

not been unduly impeded. 

This 

B. VAPOR-DEPOSITED GOAS FILMS ON AI SUBSTRATES 

I n  the  i n t e r e s t  of lightweight f l e x i b l e  subs t r a t e s  w e  have begun t o  

deposit  GaAs fi lms on aluminum. I n  f ac t ,  several fi lms have been deposited 

on "Reynolds Wrap". and 66OoC. 

The furnace and technique a r e  similar t o  those used f o r  Mo subs t ra tes ,  except 

t h a t  a quartz spacer between source and subs t r a t e  enables t h e  lower subs t r a t e  

temperatures t o  be achieved. These f i l m s  a re  much thinner  than those grown 

on Mo, the  thicknesses being between 5 and 10 microns. 

always n-type. To check t h e  current-voltage c h a r a c t e r i s t i c  and the  l i g h t  

response, 0.040-in. Cu Se c i r c l e s  are evaporated onto the  fi lms. One such 

c h a r a c t e r i s t i c  is shown i n  Fig. 2. The ef f ic iency  is estimated t o  be about 

0.1 percent. 

ohms. This sets a ser ious l imi ta t ion  on t h e  eff ic iency.  To determine whether 

t h i s  high s e r i e s  res i s tance  could be caused by back-to-back junct ions i n  the  

0 The subs t ra te  temperatures are between 450 

The fi lms are almost 

2 

The series resis tance of t h e  c e l l  shown i n  Fig. 2 i s  about 1000 

9 



t<.0015 

I I I I 

t /  
Fig. 2. I -V characteristics of GaAs on A1 foil. 

film, a s p e c t r a l  response measurement w a s  made of t he  device i n  Fig. 2. The 

r e s u l t  is shown in  Fig. 3. Beyond the  band edge (0.9 micron) the  normal 

p-on-n b a r r i e r  response appears. 

n/p response. 

below the top bar r ie r .  

It i s  speculated t h a t  a p-type layer ,  which f o r  some reason absorbs l i g h t  

below the  band edge, e x i s t s  between the  regular  n-type f i l m  and the  subs t ra te .  

An a l t e r n a t i v e  exp1,anation i s  t h a t  w e  a r e  observing e lec t ron  emission from t h e  

A1  subs t ra te .  We are unable t o  d i s t ingu i sh  between these hypotheses. 

But below t h e  band edge the re  is  an anomalous 

This  response must be coming from an n/p junct ion o r  b a r r i e r  

A model which w i l l  explain t h i s  is  shown i n  Fig. 4. 

C. SPUTTERED AND FLASH-EVAPORATED FILMS 

As previously s t a t ed , ”  it w a s  hoped t h a t  GaAs f i lms could be produced a t  

lower temperatures by sput te r ing ,  thus reducing thermal s t r a i n s  and cracking 

and allowing a w i d e r  choice of subs t r a t e  material. 

- f a s t  f l a s h  evaporation would permit p-n junct ion formation i n  so shor t  a t i m e  

and a t  a low enough temperature t h a t  g ra in  boundary d i f fus ion  would not cause 

sho r t - c i r cu i t i ng .  

It w a s  also hoped t h a t  

10 
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Fig. 3. Spectral response for cell shown in Fig. 2. 
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WAVE LENGTH ( MICRONS I 

LIGHT- 

UNKNOWN 
DEFECTS Fig. 4. Proposed band-gap scheme for GaAs on AI solar cell. 

Insofar  as both of these methods are a new approach t o  GaAs f i l m  formation 

they are worthy of study i n  their own r i g h t .  

1. Sputtering Apparatus 

Figure 5 is  a schematic diagram of t h e  sput te r ing  apparatus which is  

operated i n  t h e  conventional glow discharge sput te r ing  manner. 

aluminum cathode electrode i s  covered with a 10-mil-thick high-density alumina 

coating and can be water-cooled. 

GaAs wafers glued t o  a tantalum p l a t e  by means of silver-doped epoxy; t he  

The massive 

The source material cons is t s  of po lycrys ta l l ine  

11 
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Fig. 5. Schematic of sputtering apparatus.. 

tantalum p l a t e  screws i n t o  the  aluminum cathode. Three GaAs wafers placed s i d e  

by s i d e  make up a square approximately 5 cm on a s ide .  An e a r l i e r  method, 

whereby t h e  GaAs wafers were attached t o  a n icke l  p l a t e  by means of indium 

so lder ,  introduced many more impuri t ies  (including a high nickel  concentration) 

i n t o  t h e  f i lms.  The removable subs t r a t e  sh i e ld  and the  subs t r a t e  holder and 

hea ter  a r e  constructed of sheet  tantalum and ceramic; t he  subs t r a t e  holder 

exposes a f l a t  anode area i n  the  form of a square approximately 1-1/2 in .  on 

a s ide.  

The following operating conditions a r e  typ ica l :  

Current - 10 t o  15 mA 

Voltage - 1900 t o  2300 V 

Argon pressure - 55 t o  65 microns Hg 
Substrate temperature - 250 t o  6OO0C 

Cathode-substrate d i s tance  - 3 cm 

Deposition rate - 160 t o  240 61/min. 

Argon flow rate - 1 t o  3 ml/min. 

12 
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The standard tank argon is passed through a desiccant .  

t h e  argon detected by a res idua l  gas mass spectrometer on t h e  vacuum system 

w a s  about 0.025% nitrogen. 

The only impurity i n  

2. Flash-Evaporation Apparatus and Procedure 
A preliminary descr ip t ion  has been given. 16 I n  its present state (Fig. 6), 

t h e  source heater  cons i s t s  of a 0.001-in. tungsten sheet  bent i n t o  t h e  form 

of a boat. The connection and support for the  source is  a 0.080-in.-diameter 

SUBSTRATE 
1.25'A ,SUBSTRATE 

SUBSTRATE HEATER 

R 

CYLINDRICAL Ta 

Fig. 6. Flash evaporator. 

tungsten rod wi th  notched ends into which the  edges of t h e  boat are inser ted .  

A c y l i n d r i c a l  tantalum heat r e f l e c t o r  surrounds t h e  source heater .  Mounted 

a t  t he  top  of t h i s  r e f l e c t o r  i s  the s u b s t r a t e  heater .  It cons i s t s  of a 

grooved quartz  r ing  on which i s  wound a 0.020-in.-diameter tantalum heat ing 

w i r e .  

shaped i n t o  a nozzle. The pa r t i c l e s  a r e  v ibra ted  through t h e  chute and then 

drop i n t o  the  source heater .  A f i ne  mesh made of 0.001-in.-diameter w i r e  a t  
t he  top  of the  source heater  screens many of  t h e  p a r t i c l e s  which are s p l a t t e r e d  

out of t he  boat. 

The "feed" mechanism cons is t s  of a V-shaped tantalum chute whose end i s  

The chute is mechanically a t tached t o  the  v ib ra t ing  arm of 

13 



an ordinary 8-volt  household buzzer t o  provide t h e  v ib ra t ions .  

it would be convenient t o  cont ro l  the  frequency and amplitude wi th  an audio 

o s c i l l a t o r  which i n  t u r n  provides f o r  control  of t he  feed r a t e .  The subs t r a t e  

i s  mounted on a movable a r m  above the  subs t r a t e  heater .  It can be moved i n  

and out of t he  path of evaporation and the  source-substrate  spacing can b e  

var ied.  

pressures on the  order of 

I n  prac t ice ,  

The e n t i r e  assembly i s  i n s t a l l e d  i n  a b e l l  jar  evaporator where 

mm Hg are achieved. 

The bulk GaAs is ground i n t o  powder wi th  a mortar and p e s t l e  and s i f t e d  

through a s e r i e s  of s ieves  t o  s e l e c t  t he  appropriate  p a r t i c l e  s i z e .  I f  t he  

p a r t i c l e s  a r e  too  large,  t r u e  f l a s h  evaporation cannot be achieved wi th  the  

usual  source temperatures. 

s p l a t t e r  out of the heater .  P a r t i c l e  diameters from 0.010 t o  0.014 in .  have 

been found t o  work best .  No spec ia l  cleaning procedures, l i k e  etching, have 

been used on the pa r t i c l e s  because i t  was f e l t  t o  be impract ical  because of 

the  la rge  sur face  areas involved. The mater ia ls  wi th  which the  p a r t i c l e s  are 

handled (mortar and p e s t l e ,  s ieves ,  e tc . )  are kept clean, however. It has 

been found experimentally t h a t  t he  most uniform doping of the  f i lms is  achieved 

by using doped source material. This  procedure enables the  most uniform pro- 

port ion of dopant and matrix t o  be maintained throughout t he  deposit ion.  

Therefore, spec ia l ly  prepared ingots of GaAs doped t o  1 t o  3 percent w i t h  t h e  

appropriate  dopant a r e  used t o  prepare the source powder. The usual dopants 

f o r  GaAs were t r i e d  before  it was found t h a t  manganese works bes t  f o r  p-type 

dopant and t i n  fo r  n-type dopant. 

If  the p a r t i c l e s  are too  small they tend t o  

The source powder i s  placed i n  the  chute, t h e  subs t r a t e  i n  the  subs t r a t e  

holder, and the  be l l  j a r  i s  closed and evacuated. 

outgas the  source heater  and then the  subs t r a t e  by means of t h e  subs t r a t e  

hea ter .  

16OO0C. 

depending on the  object of the  experiment) and t h e  p a r t i c l e  f e e d  v ib ra to r  is 

s t a r t e d .  

mission of t h e  film on g l a s s .  

The usual procedure is  t o  

For the  actual  f i l m  deposit ion,  the  source heater  i s  brought t o  about 

The subs t ra te  i s  then brought t o  deposi t ion temperature (200 t o  6OO0C 

The thickness i s  estimated through experience i n  observing the  t rans-  

It was soon found t h a t  although the  f i l m  could be deposited a t  a high 

rate (- 2 t o  3 microns p e r  minute), the qua l i t y  of t he  f i l m  i s  dependent on 

the  rate of deposition. X-ray d i f f r a c t i o n  has uncovered inhomogenities i n  

f i lms grown at  these rates. These f i lms a l s o  show abnormally high o p t i c a l  

14 
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absorption. 

time to prevent grain boundary diffusion is difficult to achieve in practice 

at present. The deposition rate at which most of the films are made is around 

1,000 g/minute. 

achieve a truly uniform rate of particle feed. 

Therefore, the idea of depositing a good-quality film in a short 

This is an average rate since it has never been possible to 

After deposition, the substrate is cooled by turning the heaters off at 

the desired rate. 
which films have been grown include glass, molybdenum, single-crystal GaAs, 

GaAs vapor-grown films, and calcium fluoride. 

3. Resu l t s  
a. Structural Properties - All films analyzed by x-rays show only single- 
phase GaAs (the possible existence of a small amount of a metastable hexagonal 
phase of GaAs is discussed later) except for a few flash-evaporated films 
which were very highly doped with Mn. For these, x-rays detected a small 
concentration of a Mn As phase. 
broadening is a strong function of substrate temperature. 

quantitative measurements on three sputtered films are shown in Table I. 
absolute values reported here may be in considerable error due to approximations 

The cool-down time averages about 1/2 hour. Substrates on 

Crystallite size as measured by x-ray line 2 
The results of 

The 

(microns 1 (Aqs troms 1 
7.14 35 0 

TABLE I 
Average Crystallite Size 

500 
590 

I I I 1 

3.18 600 
6.20 >2000 

I Average I Temp. I Thickness I Crystallite Size 
Film Substrate 

to take into account the shape of the diffraction peaks, but relative values 
should be quite reliable. The values reported here are comparable to values 

reported by Harvey and Heyerdahl17 (240 
microscopy) and Davey and Pankey" (< 240 El at 3OO0C, determined by x-ray line 
broadening). 

at 4OO0C, determined by electron 

* No dependence of crystallite size on film thickness for thick- 

* 
"Crystallite Size" as determined by x-ray line broadening is really a 
measure of the number of atomic planes over which the repetition is nearly 
exact; thus, this size may be smaller18 than crystal size as normally 
understood in terms of a macroscopic picture. 
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nesses between 0.2 and 8 microns has been noted. Films deposited a t  room 

temperature are completely amorphous. 

showed a weak c r y s t a l l i n e  phase, but  because t h i s  f i l m w a s  q u i t e  t h i ck  (4.1 
microns) it was concluded t h a t  most of t h i s  f i l m  was amorphous. 

A sput te red  f i l m  deposited a t  32OoC 

A s l i g h t  amount of p re fe ren t i a l  o r i e n t a t i o n  (most commonly [lll]) i s  

I 16 

usua l ly  observed for  sput tered f i l m s  on g lass .  

fe r red  o r i en ta t ion  increases  wi th  subs t r a t e  temperature. 

f i l m s  are more commonly random -or ien ted ,  except f o r  some f i lms produced 

near 600 C which show some [ill] preferred or ien ta t ion .  Only two films have 

been deposited onto s ing le -c rys t a l  GaAs [111] subs t r a t e s  t o  date ,  one by 

sput te r ing  and one by f l a s h  evaporation. 

f i l m s  grow epi tax ia l ly ,  but no attempt has y e t  been made t o  grow such f i l m s  

below 45OoC. 

e p i t a x i a l  formation of GaAs on G e  by f l a s h  evaporation and found t h a t  twinned 

epi taxy occurred above 400 C and untwinned epi taxy occurred above 500 C. 

However, Francombe and Schlacter'' r epor t  t h a t  epi taxy may be obtained a t  

lower temperatures by sput te r ing .  

I n  general ,  t h e  amount of  pre- 

Flash-evaporated 

0 

X-ray ana lys i s  i nd ica t e s  t h a t  t hese  

Richards, H a r t ,  and Gallone," and Muller" have s tudied t h e  

0 0 

I n  many of the f i l m s ,  p a r t i c u l a r l y  those produced a t  t he  lower subs t r a t e  

temperatures, a weak x-ray d i f f r a c t i o n  peak appears a t  a pos i t i on  where no 

r e f l e c t i o n  from cubic GaAs should occur, but where one would expect t o  see a 

(1070) r e f l e c t i o n  i f  a hexagonal phase of GaAs ex is ted .  

metastable hexagonal phase i n  flash-evaporated GaAs f i lms has previously been 

seen by Muller2' i n  e l ec t ron  d i f f r a c t i o n  s tudies .  He a l s o  observed t h i s  phase 

predominantly i n  the lower temperature f i lms where the  atomic sur face  mobil i ty  

i s  low and defects  a r e  f rozen i n  as they form. The hexagonal phase i s  

associated wi th  a high dens i ty  of  s tacking f a u l t s  and i s  in te rpre ted  as a 

per iodic  arrangement of s tacking f a u l t s .  

peak has been seen i n  some f i lms sput tered a t  temperatures as high as 550 C. 

The ex is tence  of  a 

A very weak (1070) x-ray d i f f r a c t i o n  
0 

b. Op t i ca l  Propert ies  - Measurements of o p t i c a l  dens i ty  vs. wavelength below 

2.5 microns were obtained from almost a l l  f i lms deposited on t ransparent  sub- 

s t ra tes  using a Cary Model 14 Spectrophotometer. The in te r fe rence  maxima and 

minima i n  these  curves provide t h e  primary means f o r  determining f i l m  thickness .  
The index of r e f r ac t ion  i s  taken from Marple's da t a  on bulk s ing le  c r y s t a l s  22. , 
t h i s  w i l l  introduce a small e r r o r  i n  t h e  ca lcu la ted  thickness i f  t h e  t r u e  

index of r e f r ac t ion  of the  f i lms d i f f e r s  from Marp le ' s  values.  However, 



Tolansky measurements on a few of t h e  sput tered f i lms indicated t h a t  t h i s  

d i f fe rence  mst b e  small f o r  c rys t a l l i ne  fi lms; amorphous fi lms deposited a t  

room temperature appeared t o  have a higher index of r e f r a c t i o n  by as much as  

20 t o  30%. 

The&absorption coe f f i c i en t  vs. wavelength was computed from the  op t i ca l  

The procedure f o r  t h i s  calcula-  

except t h a t  t h e  va r i a t ion  of 
24 

densi ty  measurements f o r  many o f t h e  f i l m s .  

t i o n  i s  e s s e n t i a l l y  t h a t  described by 

r e f l e c t i v i t y  with wavelength r e p o r t e d  by Ehrenreich, Philipp, and P h i l l i p s  

is taken i n t o  account. When i t  appears from t h e  shape of the  op t i ca l  dens i ty  

curve t h a t  t h e  f i l m s  are not absorbing between 2.0 and 2.5 microns (most 

f i lms) ,  the  absolute  value of r e f l e c t i v i t y  i s  calculated from the  op t i ca l  

density.  Otherwise, t h e  absolute values reported by Ehrenreich e t  al .  a r e  

used. The high absorption coef f ic ien ts  found near t h e  band edge are qu i t e  

i n sens i t i ve  t o  e r ro r s  i n  t h e  r e f l e c t i v i t y .  

region is  probably t h e  uncertainty i n  f i l m  thickness .  

"rough" surface can a l s o  introduce a s ign i f i can t  e r ro r ;  therefore,  t he  surfaces  

of f i l m s  which appear t o  scatter l i g h t  are polished before obtaining t h e  

o p t i c a l  data. 

The major source of e r r o r  i n  t h i s  

Scattered l i g h t  from a 

Figure 7 shows the  dependence of t he  absorption coe f f i c i en t  on wavelength 

f o r  a number of GaAs f i l m s  formed under various conditions (amorphous sput tered,  

c r y s t a l l i n e  sput tered and flash-evaporated, t h i n  vapor-grown, th i ck  vapor-grown, 

published s ing le  c r y s t a l  ). I n  a l l  cases, t h e  sput tered and flash-evaporated 

f i lms do not exhib i t  a well-defined absorption edge. 

t i o n  coef f ic ien ts  fo r  these  films are higher than the  s ing le-crys ta l  values 

a t  a l l  wavelengths; t he  decrease of  t he  absorption coe f f i c i en t  f o r  wavelengths 

above t h e  normal band edge i s  very gradual compared wi th  t h e  decrease at the  

s ing le -c rys t a l  absorption edge. Harvey and Reyerdahll7 repor t  f inding t h i s  

same general  shape i n  op t i ca l  density measurements on GaAs fi lms vacuum-deposited 

from separate  G a  and As sources. HowsonZ6 a l s o  f inds t h i s  same r e s u l t  f o r  

evaporated fi lms produced by a modification of a n t h e r ' s  three-temperature 

method.27 

da te  (one sput tered,  one flash-evaporated) appear t o  be similar i n  a l l  respects 

t o  t h e  polycrys ta l l ine  fi lms. I n  addi t ion,  s l i g h t  in te r fe rence  maxima and 

minima were detected i n  the  opt ica l  densi ty  curves of the  e p i t a x i a l  f i l m s .  

These gave the  cor rec t  thickness of t h e  deposited layer ,  and therefore  ind ica te  

25 

I n  general ,  t h e  absorp- 

The absorption coef f ic ien ts  f o r  the  two e p i t a x i a l  f i l m s  produced t o  
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Fig.  7. Variation of absorption coefficient with wavelength 
for various films. 

t h a t  an op t i ca l  discont inui ty  e x i s t s  a t  the in t e r f ace  between the  s ing le-  

c r y s t a l  GaAs and the ep i t ax ia l  film; e i t h e r  the  f i lm  has a s i g n i f i c a n t l y  

d i f f e ren t  index of r e f r ac t ion  from t h a t  of t he  s ing le-crys ta l  subs t ra te ,  o r  

there  i s  a very thin i n t e r f a c i a l  l ayer  (such as  an oxide), having s i g n i f i c a n t l y  

d i f f e ren t  op t i ca l  propert ies  from GaAs, separat ing the  f i lm  and t h e  subs t ra te .  

The absorption coe f f i c i en t s  for  t he  vapor-grown films more near ly  approxi- 

mate the  s ingle-crystal  values; the  decrease above the  normal band edge i s  

s teeper  than e i ther  the  flash-evaporated o r  sput tered fi lms, and the  absorption 

coe f f i c i en t s  f o r  wavelengths below the  normal band edge a re  lower than t h e  

s ing le-crys ta l  values, a t  l e a s t  f o r  the  t h i n  vapor-grown films. Sputtered 

f i lm  G-25 and vapor-grown f i lm  No.  38 (Fig. 7) were prepared as c lose ly  as  

possible  under ident ica l  conditions of subs t r a t e  temperature and thickness 

(550 t o  6OO0C, 5 t o  6 microns), and yet t he  differences i n  op t i ca l  absorption 

propert ies  as described above a r e  readi ly  apparent. 

N o  c l e a r  cor re la t ion  between absorption coe f f i c i en t  and subs t r a t e  tempera- 

t u r e  has been established f o r  e i t h e r  flash-evaporated o r  sput tered fi lms. 
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However, the results suggest that such a correlation may exist, although many 

exceptions can be found. Figure 8 shows the absorption coefficient vs. wave- 
length for three films sputtered at 400, 500, and 59OoC, and indicates that 
the higher temperature films have lower absorption constants. 
noted a similar correlation is his GaAs films. 
absorption coefficients of these same films after annealing at about 6OO0C 
for 24 hours under an arsenic pressure of about 10 torr. 
efficients decreased, becoming almost identical at wavelengths below the 
normal band edge, and approximating very closely the single-crystal values at 
wavelengths just below the normal band edge. 

Howson26 also 
Figure 8 also illustrates the 

The absorption co- 

However, x-ray analyses of these 

- 
- 
- 
- 
- 

z 
I- 

- 0  
n a 

m a 
's: 
- - BEFORE ANNEALING 

0.80 0.85 0.90 0.95 

Fig. 8. Effect of substrate temperature and annealing on the 
optical absorption coefficient. 

films after annealing indicate that no change in line broadening or film 

structure has occurred. 17 Harvey and Heyerdahl also found no change in 

crystallite size upon annealing. 

for one flash-evaporated film which initially consisted of very small un- 

oriented crystallites (believed t o  be nearly amorphous). After annealing at 

63OoC for 21 hours under an arsenic pressure of about torr it converted 

However, an exception to this result occurred 

19 



from p-type to n-type conductivity and the crystallite size increased (to a 

few hundred 8) and showed a slight (111) preferred orientation. 
absorption coefficient also decreased, but remained substantially above the 

single-crystal values. 

c. Electrical Properties - Measurements of conductivity type (n or p) are 
made by means of a thermal probe. 
between 40-mil diameter pressed gold dots placed 2 to 5 mm apart on the film 
surface. 
of a four-point resistivity probe, it was found that the gold-dot measure- 
ments give the correct sheet resistivity (ohms per square) within a factor of 

two when the width of the film between contacts is at least as large as the 
separation of the contacts. Apparently contact resistance is negligible com- 
pared with the high resistance found in the films. The absolute values of 

resistivity reported here are reliable therefore only to within a factor of 

two. 

ture reported for one sputtered film was a true four-point measurement. 

concentration of certain impurities in the deposited films and the GaAs source 

material was obtained by emission spectrographic analysis. 

The optical 

Electrical resistance measurements are made 

By checking such measurements against accurate measurements by means 

However, the measurement of the variation of resistivity with tempera- 

The 

Both sputtered and 

doped are p-type. This 

by other methods. 

films studied by Harvey 

tivity and conductivity 

17,18 

flash-evaporated GaAs films which are not intentionally 

result has also been reported for GaAs films formed 

However, in contrast to the vapor-grown films and the 

and Heyerdahl,17 it is difficult to change the resis- 

type of either the sputtered or flash-evaporated films 

by adding dopants, 

1OI8 cm 
the range of lo3 to 10 
Mn into the flash-evaporated films ( > O.l%), resistivities in the range 10 to 
10 ohm-cm are obtained. The only n-type films produced (both sputtered and 

flash-evaporated) contained between 0.1 and 1% tin. These films have always 
exhibited very high resistivities ( lo4  to 10 

Films deposited with normal concentrations (up to the 
-3  range) of either n- or p-type dopants have high resistivities in 

By incorporating very high concentrations of 5 ohm-cm. 

3 

6 ohm-cm). 
There appears to be a correlation between film resistivity and substrate 

temperature for both sputtered and flash-evaporated films. Although many 
exceptions can be found, the higher resistivities generally correspond to the 
higher substrate temperatures; a similar dependence on substrate temperature 
was found by Davey and Pankey18 for a lower range of temperatures. Annealing 
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of three sputtered films in arsenic vapor (see page 19) caused a substantial 

increase in resistivity without changing the conductivity type (p-type). It 
can be seen in Table I1 that the factor by which the resistivity increased 
varied inversely with the deposition temperature. Similar large increases in 

resistivity were observed by Davey and Pankey18 upon annealing their films at 

380°C in vacuum. 

absorption that the effect of annealing is to make the films appear to have 

been grown at a higher substrate temperature initially. 

structure retains the memory of its true initial deposition temperature. 

It would appear from changes in both resistivity and optical 

Only the film 

Substrate 
Temp. 

(OC 1 
400 
5 00 
590 

TABLE I1 
Effect of Annealing on Resistivity 

Initial 
Res is t ivity 
(ohm-cm) 

4,000 
70,000 

10,000, 

Final 
Resistivity 

(ohm- cm) 
360,000 
80,000 
470,000 

Rat io 
Final/Init ial 

36 
20 
-7 

~~ ~~ * 
This film is one of the exceptions to the general rule describ- 
ing the variation of resistivity with substrate temperature. 

Only one reliable measurement of the variation of resistivity with 
temperature of a sputtered film has been obtained to date. 

confirms the 0.18-eV acceptor level reported by Davey and Pankey'' at room 
temperature. Above 120 to 13OoC, the Fermi level begins to penetrate more 

deeply into the forbidden band, but the intrinsic value of 0.7 eV is not seen 
since the measurements do not extend above 300 C.  

level reported by Harvey and Heyerdahl17 at lm temperatures is seen. 

This measurement 

0 No sign of the 0.025-eV 

Only a very few films have been deposited to date (both sputtered and 

flash-evaporated) on n-type single crystals and vapor-grown films. A very 
weak light response having p-on-n characteristics was observed in each case. 

The sputtered films have been too thick (2-1/4 microns) for much light to 

reach the junction, but as expected, the high resistance of the sputtered 

layer is a serious problem. In addition, the diode characteristic of the 
junction was leaky. 
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A few of the  e a r l i e r  sput tered fi lms which u t i l i z e d  the  earlier cathode 

mounting (GaAs soldered t o  N i  wi th  I n )  exhibi ted the  "c lass ica l"  high-voltage 

photovoltaic e f fec t ,  i .e . ,  the po la r i ty  of t h e  photovoltage is b u i l t  i n t o  the  

f i lm  and the  magnitude of the voltage depends only on the  i n t e n s i t y  of t he  

l i g h t .  

t u r e  was obtained between contacts  one cm apar t .  This was almost doubled by 

i l luminat ing through the  subs t ra te .  

the  e n t i r e  area of t he  fi lm. 

t h a t  t h e  response began a t  the  G a A s  band edge and was e s s e n t i a l l y  constant 

(per photon) a t  higher energies (at l e a s t  t o  above 2 eV) .  These fi lms were 

character ized by an extremely high sheet  r e s i s t ance  (lo9 - 10" ohms per  

square) and very high concentrations of Cu, N i  Fe, Mg, and I n  impuri t ies  ( to  

0.1% or  more of each). 

vol tage d i r ec t ion  i n  the  f i l m  has been deduced. 

oblique desposit ion would not seem t o  apply here. 

Using a focused microscope Light, up t o  22 v o l t s  output a t  room tempera- 

The response was not always uniform over 

Rough spec t r a l  response measurements indicated 

No mechanism f o r  t he  formation of t he  preferred 

The usual mechanism of 

d. Discussion and Conclusions - I n  almost every respect ,  G a A s  f i lms produced 

by sput te r ing  and flash-evaporation a r e  indis t inguishable  from one another. 

The only difference noted is the  g rea t e r  tendency of t he  sput te red  fi lms t o  

exhib i t  a s l i g h t l y  preferred or ien ta t ion .  However, considerable d i f fe rences  

have been noted between the propert ies  of these fi lms and those of vapor-grown 

f i lms.  

wi th  normal doping concentrations (up t o  1OI8 ~ m - ~ )  and low r e s i s t i v i t i e s  

(< 100 ohm-cm). 

near ly  l i k e  s ing le  c r y s t a l s .  

impuri t ies .  The e l e c t r i c a l  propert ies  of sput tered and flash-evaporated fi lms 

a r e  r e l a t i v e l y  insens i t ive  t o  l a rge  var ia t ions  i n  impurity content.  Also, 

sput tered fi lms have been prepared containing r e l a t i v e l y  low l eve l s  of im-  

p u r i t i e s  (as detected by emission spectrography) similar t o  those found i n  many 

vapor-grown fi lms. (It must be admitted, however, t h a t  t h e  e l e c t r i c a l  p roper t ies  

of t he  vapor-grown f i lms do not co r re l a t e  wel l  wi th  impurity content as detected 

i n  t h i s  way.) 

Vapor-grown f i l m s  of  e i t h e r  n- o r  p-type conductivity can be prepared 

Also, these  films have op t i ca l  absorption proper t ies  more 

The differences do not appear t o  be caused by 

Other possible causes of t he  d i f f e ren t  propert ies  of sput tered and f lash-  

evaporated fi lms are various s t r u c t u r a l  defects  which may be frozen i n t o  the  

films during the  deposit ion process (both of these  processes a r e  more ir- 

reve r s ib l e  than the t ranspor t  growth process). For example, t h e  dependence of 
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the intrinsic p-type nature of Ge films on the defects which form in these 

film during deposition has long been fairly well established. Specific 

defects which might be suspected in the present case are stacking faults, 
vacancies, and crystal boundaries. 

stacking faults in these films is strongly suspected because of the x-ray 
evidence for a metastable hexagonal phase and Miller's20 finding that this 
phase is associated with a high density of stacking faults. 
electrical activity of stacking faults in GaAs is not yet known from independent 
studies. A high concentration of vacancies in these films is also strongly 
suspected. Davey and Pankey18 argue that vacancies are responsible for the 
0.18-eV acceptor level found in their GaAs films deposited at l o w  temperature 
(< 40OoC) by the three-temperature method of G&~ther.*~ 
in density and reduction in concentration of acceptor centers upon annealing 
at 38OoC. 

of radiation damage on optical absorption in bulk GaAs and Bube1s2' observa- 

tions of the acceptor levels in bulk GaAs. Although the present results do 

not agree quantitatively with those of Davey and Pankey18 (except for the 

observation of the 0.18-eV acceptor level), there are many qualitative simi- 

larities, such as the change in resistivity and optical absorption with 

substrate temperature and the change in resistivity and optical absorption 

upon annealing. 

* 
The presence of a high concentration of 

However, the 

They cite the changes 

They also cite the results of Aukerman and Graft28 on the effect 

In general, both the optical absorption coefficient and resistivity of 

sputtered and flash-evaporated films varied together upon annealing or 

changing substrate temperature; that is, any changes in processing which in- 

creased resistivity also decreased optical absorption. However, crystallite 

size, as determined by x-ray line broadening, did not change upon annealing 
(except for the one nearly amorphous film), although this particle size is a 
strong function of substrate temperature. 
that the two films deposited on single-crystal GaAs substrates (one sputtered, 

one flash-evaporated) were epitaxial, but the optical absorption coefficients 

of these films were indistinguishable from those of the polycrystalline film 

deposited on glass. Although not conclusive proof, these facts suggest that 

In addition, x-ray analysis showed 

* 
Another possibility is discussed in the Appendix. 
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grain boundaries are not the primary cause of the observed optical and elec- 

trical properties of the sputtered and flash-evaporated films: (1) Optical 

absorption and electrical resistivity of these films do not correlate (upon 

annealing) with crystallite size as determined by x-ray line broadening. 

(2) 

randomly distributed or aligned (small-angle grain boundaries) and many other 

defects, but which by their nature cannot contain the normal grain boundaries 
present in polycrystalline films, exhibit optical properties similar to the 

polycrystalline films on glass. 

The epitaxial films, which may contain high concentrations of dislocations 

Based on the data available to date it is suspected that primarily 

vacancies, and perhaps also stacking faults, are responsible for the observed 
electrical and optical properties of the sputtered and flash-evaporated films. 
These defects would be likely to form equally well in epitaxial and non- 
epitaxial films. 
and flash-evaporated films (high-resistivity, p-type conductivity) cannot be 
effectively modified by normal dopant concentrations or by other treatments 
attempted to date, these films are not suitable for thin-film solar cell 

fabrication; the vapor-grown films currently produced are far superior for 
this purpose. 

Because the intrinsic electrical properties of both sputtered 
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111. BARRIER CELLS 

A. CuZSe FILMS 

The technique f o r  forming t h e  

forming Cu S30 i n  t h a t  t he re  is no 

t ion. 
2 

Cu2Se layer  d i f f e r s  from that used i n  

chemical treatment of t h e  f i l m  af ter  deposi- 

The Cu2Se is  pre-f i red i n  a continuously evacuated quartz  tube, both t o  

compact it and t o  dr ive  of f  loosely bound selenium. A piece of t he  charge is 

then put i n t o  an alumina-clad tungsten s p i r a l  and pre-f i red i n  vacuum at  a 

s l i g h t l y  higher s e t t i n g  on the  Variac cont ro l l ing  the  heater  current  than V 

(V i s  Variac s e t t i n g )  mentioned below. and V2 

w i l l  be given later. The following schedule f o r  t he  evaporation was determined 

empir ical ly  t o  give the  lowest sheet r e s i s t ance  f o r  a given o p t i c a l  t rans-  

1 
The method of determining V 

1 

With a s h u t t e r  over the  tungsten s p i r a l ,  t he  Variac i s  turned 

rap id ly  t o  V and held there  f o r  one minute. I n  t h i s  t i m e  t he  

charge melts and the  pressure w i l l  r ise ( typ ica l ly  from 2 x 10 

t o r r  t o  5 x 10 

The Variac s e t t i n g  is then decreased to V 

minute. There is usually a s l i g h t  decrease of pressure i n  t h i s  t i m e .  

The shu t t e r  is  opened and t h e  deposi t ion proceeds. W e  commonly 

monitor t he  deposi t ion by measuring the  t ransmiss iv i ty  of t he  f i l m  

t o  1.5-eV rad ia t ion .  

-6 1 

-6 t o r r )  and then drop. 

and held the re  f o r  one 2 

The s e t t i n g  Vg is  chosen to give a 60-percent t ransmi t t ing  f i lm  on a 

s l i d e  12 c m  from the  tungsten s p i r a l  i n  approximately one minute; V1 = 1.25 V2. 
For a standard tungsten s p i r a l ,  V1 is such t h a t  the  heater  current  is of t h e  

order  of 20 amperes. 
-4 Films produced i n  t h i s  way have a s p e c i f i c  r e s i s t i v i t y  of 1.62 x 10 

ohm-cm. A f i l m  t h a t  i s  70 percent t ransmi t t ing  t o  1.5-eV rad ia t ion  has a 

shee t  r e s i s t ance  of 93 ohms per square and i s  thus 175 2 th ick .  

t h i n  t o  a c t  as an a n t i r e f l e c t i o n  coating. 

It i s  too  

B. CELLS WITH Cuse 

The preparat ion of t he  c e l l s  has now been s impl i f ied  (compare ref. 31). 

The etching procedure is: 

25 



(1) 
(2) Wash w i t h  alcohol.  

(3) Blow d r y  and immediately mount t he  f i l m  i n  the  vacuum system. 

The Cu Se layer i s  then evaporated through a 0.76 x 0.95 cm mask using 

Etch w i t h  1% bromine i n  alcohol f o r  10 seconds. 

2 
the  technique described i n  Section 1 1 1 - A .  

onto a glass s l i d e  a t  the  same l eve l  as the  f i lm.  

measurement of the percent transmission of the  Cu2Se f i lm  t o  1.5-eV rad ia t ion .  

Subsequently, a gold s t r i p  7 x 0.7 mm i s  evaporated c e n t r a l l y  on the  Cu2Se 

f i lm  t o  provide a n  Ohmic contact .  

Cu2Se is  simultaneously evaporated 

This w i l l  l a t e r  allow a 

The V-I cha rac t e r i s t i c  of the  c e l l  is f i r s t  examined on an osci l loscope 

using the  small-area 4-mW l i g h t .  Since the  i l luminated a rea  is  small compared 

with the  a rea  of the Cu2Se fi lm, it i s  possible  t o  study the  uniformity of t he  

response over d i f f e ren t  parts of t he  fi lm. 

t he  f i lm  not be connected t o  the  gold, only the  a c t i v e  a rea  i s  used i n  com- 

puting the  sunlight e f f ic iency .  

from the  a c t i v e  area. 

I f  cracking causes some p a r t s  of 

The a rea  of t h e  gold s t r i p  i s  & subtracted 

Using the  4-mW l i g h t  t he  l ight-generated cur ren t ,  IL, i s  measured a t  a 

s u f f i c i e n t l y  negative vol tage so t h a t  sheet r e s i s t ance  i n  the  c e l l  does not 

inf luence the  resu l t .  Figure 9 shows a p lo t  of I versus percent transmission 

of  t he  Cu Se fi lm. Some of t he  points f a l l  on o r  c lose  t o  a s t r a i g h t  l i ne .  

The corresponding films have been made i n  both a quartz r ad ia t ion  furnace and 
12 i n  a d i r e c t l y  heated furnace, No.  1. A second d i r e c t l y  heated furnace, No.  2, 

has cons i s t en t ly  given points  below the  l i n e .  It i s  possible  t h a t  t h i s  furnace 

i s  contaminated since it was used under a w i d e r  v a r i e t y  of experimental condi- 

t ions .  The remaining points below the l i n e  represent  f i lms showing excessive 

"leakage" . 

L 
2 

A necessary but  not s u f f i c i e n t  condi t ion t h a t  a Cu Se-GaAs c e l l  be 2 
e f f i c i e n t  i s  t h a t  i ts  I vs. percent transmission point l i e  on the  l i n e  of 

Fig.  9 .  It may l i e  on t h i s  l i n e  and s t i l l  have low ef f ic iency  i f  the  forward 

c h a r a c t e r i s t i c  shows excessive cur ren t ,  and i f  i n  consequence V i s  l o w .  

L 

oc 
Figure 10 shows a p lo t  of sunl ight  e f f ic iency ,  7 ,  versus percent t rans-  

mission of the  Cu Se f i lm  f o r  t he  b e t t e r  c e l l s ,  i .e . ,  those which have t h e  

maximum eff ic iency f o r  a given percent transmission. These preliminary r e s u l t s  

suggest t h a t  t he  optimum Cu Se f i lm  has a transmission c lose  t o  60 percent.  

I f  t he  gridding i s  optimized and an a n t i r e f l e c t i o n  coat i s  added, i t  i s  

2 

2 
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believed t h a t  an e f f ic iency  of 5% can be achieved wi th  a Cu Se b a r r i e r  on the  

best  GaAs fi lms as cu r ren t ly  made. Figure 11 shows the  s p e c t r a l  response f o r  

one of these c e l l s .  

2 

These c e l l s  have been s tored i n  p l a s t i c  boxes f o r  weeks without a change 

of cha rac t e r i s t i c .  

a i r  b l a s t  without changing cha rac t e r i s t i c s .  

They have a l s o  withstood heat ing t o  over 100°C i n  a hot 
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Fig. 11. Spectral response for Cu,Se barrier cell  on GaAs. 

C. CELLS WITH C U ~ S  

The e a r l i e r  experience is  given i n  reference 31. 

The recognition of the "back-to-back" diode e f f e c t  and i t s  removal by a 

t i n  undercoating (see Section I1 of t h i s  r epor t )  suggested t h a t  t he  use of 

Cu2S be reviewed. 

t he  e f f ic iency  of these c e l l s .  

percent,  but t h i s  work continues.  

Some preliminary r e s u l t s  ind ica te  t h a t  high sheet  r e s i s t ance  w i l l  l i m i t  

The bes t  e f f i c i ency  t o  d a t e  is s t i l l  1 .6  
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IV. PHOTOANGULAR EFFECT I 

11 I 

I 

Since the publication of the complete detailed report on the photo- 

angular effect, no further work in this area has been done other than to grow 

an occasional unit and verify its reproducibility. 
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V. OTHER STUDIES 

Continuing the s tud ies  of t h e  e l e c t r i c a l  p roper t ies  o f  b a r r i e r s ,  measure- 

ments were made of junct ion capacitance as a funct ion of b i a s  f o r  a Cu S layer  

on a polycrystal l ine GaAs f i lm. The usual p lo t  of 1 /C  

Fig. 12, i s  very d i f f e ren t  from t h a t  obtained wi th  a s ing le -c rys t a l  subs t r a t e .  

The in te rcept  wi th  the  vol tage ax is ,  1 . 9  vo l t s ,  is higher than wi th  a s ing le  

c rys t a l ,  and t h e  slope becomes pos i t i ve  a t  negative b iases .  

r e s u l t s  i s  understood. 

s lope a t  a small bias a donor dens i ty  of 3.1 x 10'' CITI'~ is obtained. 

2 2 
VS. V, i l l u s t r a t e d  i n  

32 

Neither of these  

I f  one appl ies  t he  usual  semiconductor theory t o  the  

I n  a separate  experiment an  attempt was made t o  lower fu r the r  t he  s p e c i f i c  

r e s i s t ance  of a Cu S f i l m  on g l a s s  by t r e a t i n g  it wi th  the  vapor over ammonium 

sulphide a t  higher temperatures and pressures than are normally used. 30 

f i l m w a s  placed over a beaker of ammonium sulphide i n  a s teel  bomb and w a s  

heated t o  15OoC a t  which t i m e  t h e  pressure had reached 150 ps i .  

of t h e  f i l m  while  i n  t h e  bomb rose  and f e l l  i n  a n  i r r e g u l a r  fashion. A f t e r  

cooling and removal from the  bomb the  f i l m  re s i s t ance  had been permanently 

increased. 

t he  r e s i s t i v i t y  of a f r e sh ly  evaporated f i l m  during t h e  f i rs t  minute o r  two of 

exposure, longer exposure raises the  r e s i s t i v i t y .  

2 
The 

The r e s i s t ance  

It w a s  then determined t h a t  while  ammonium sulphide vapors reduce 

30 

Fig. 12. - I : V for Cu2S on 
C2 

polycrystalline GaAs film. 
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VI. CONCLUSIONS 

It is advantageous to use a Sn pre-coat on the molybdenum substrate when 

growing n-type GaAs films. 
appropriate thickness and an antireflection coat, are expected to yield cells 

with sunlight efficiencies as high as 5%. 
Cu S layers of optimm thickness will yield cells of lower efficiency than 

those employing CU2Se. 

as good for solar cell applications as those grown by chemical transport. 
They have high resistivity and anomalous (high absorption) optical properties 
due to an unknown defect. The defect concentration can be reduced (but not 
sufficiently) by annealing. 

Such films, when covered with a Cu Se film of 
2 

It is tentatively concluded that 

2 

To date, GaAs films formed by sputtering and flash evaporation are not 

Aluminum foil has possible application for light flexible GaAs poly- 
crystalline solar cells. 
in the near future using these techniques. 

Power-to-weight ratios of over 50 W/lb seem possible 
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VII. RECOMMENDED AREAS FOR FUTURE WORK 
I 

1. Study the defect structure of the GaAs films to determine the cause of 

the anomalous optical 

2. Study fabrication and 

film characteristics. 

3 .  Continue study of the 

4 .  Optimize barrier-type 
l 

or Cu Te. 2 

absorption and high resistivity. 

post-fabrication techniques in order to improve GaAs 

flexible GaAs cell on aluminum foil. 
cell using GaAs with a layer of either Cu S, Cu2Se, 2 
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APPENDIX 

In the body of this report, and in the literature cited there the defect 
structure of sputtered and flash-evaporated GaAs films has been discussed in 
terms of the now llclassicl' list of defects introduced by S e i t ~ ~ ~ :  
faults, dislocations, and point defects. In this Appendix, we point out that 
another type of defect may be present in such films: 
material. If this is the case, it becomes understandable why the defects can 
be reduced in concentration but not removed by annealing at temperatures m c h  
belm the melting point. 

stacking 

a residue of amorphous 

In a vacuum deposition process the semiconductors G a A s ,  Ge, and Si behave 

in a very different way from metals or polar compounds of similar melting 

point. If the substrate temperature is only a little less than one third the 

absolute melting temperature, the semiconductors condense as amorphous films. 

The explanation for this and for the structure of the films is to be found in 

the strength and directed nature of the homopolar bond. 

In amorphous germanium, the electron diffraction pattern is consistent 

with a cross-linked polymeric structure in which the nearest and next-nearest 

atom distances, and the angle between bonds are close to the values observed 

in the crystalline state. Due to distortions both in length and angle the 

bond energies will have a range of values up to those found in the single- 

crystal state. 
would expect a progressive change rather than a sudden change to the crystalline 

form. This phase change is much mre like that which occurs in the devitrifica- 

Therefore, on annealing at higher and higher temperatures one 

'tion of glass than it is to an order-disorder transition in an alloy. The key 
factor is that it requires the breaking of valence bonds. While many of the 

bonds in the amorphous state are strained, when an atom moves from the amor- 
phous to the crystalline phase, in general, more than one bond will have to be 
broken. This (even neglecting the added obstacles due to steric hindrance) is 
an energetically improbable step, since it requires a high activation energy. 

It is usually said that Ge films grown on substrates at 35OoC or higher 
temperature are crystalline, implying that they are completely in that state. 

The electron diffraction evidence will neither support nor retract this view, 

since an amount of amorphous phase of less than 10 percent will not affect 

the diffraction pattern. 
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The case of a f i l m  grown at  a higher s u b s t r a t e  temperature, say 6OO0C, i s  
0 d i f f e r e n t  from one grown i n  the  amorphous s ta te  and then annealed a t  600 C. 

The sur face  atoms which have j u s t  condensed w i l l  be less impeded by s t e r i c  

e f f e c t s  from moving i n t o  cor rec t  pos i t ions ,  but  i f  a small region has condensed 

i n  the  amorphous configurat ion it  s t i l l  requi res  a process of bond-breaking 

t o  allow i t  t o  enter the  c r y s t a l l i n e  phase. This can be expected t o  be 

ene rge t i ca l ly  improbable u n t i l  temperatures very near t he  melting temperature 

a r e  reached. Incidental ly ,  t he  anomalous Trouton's constant f o r  germanium 

indica tes  t h a t  bond-breaking i s  not complete even i n  the  l i qu id .  

These considerations re inforce  the  view (which can be reached by o ther  

considerat ions)  t h a t  f o r  the growth of more per fec t  f i lms a more near ly  

r eve r s ib l e  process must be used, such as growth from the  m e l t ,  o r  by chemical 

t ranspor t .  For it i s  only i n  such a process t h a t  atoms inco r rec t ly  a t tached 

t o  t h e  s o l i d  can escape from it and be replaced by atoms i n  cor rec t  si tes.  
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